Introduction
In the design of nanoscale electronic devices making full use of single molecule characteristics, it is essential to elucidate the relationship between the conformations of single molecules and the conduction properties. Furthermore, understanding of the dynamics of the bonding states of molecules with electrodes while the molecular conformation is changed is particularly important for elucidating the details of electrochemical devices as well as molecular devices in which the reaction dynamics of the electrodes and molecules plays an important role, such as in fuel cells, catalysis and bioelectrochemical devices. [1] [2] [3] [4] Such conduction properties of single molecules have been studied for various molecules by the break junction (BJ) method, and valuable results have been obtained. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] However, in the BJ method, since the electrodes are connected and ruptured in each measurement, the junction structure is unknown and it is difficult to analyze whether the change in the measured conductance corresponds to the change in the conduction path due to the change in the contact structure or to the change in the transmittance due to the change in the molecular conformation.
Recently, a method that enables conductance measurement while changing the angle of the molecule to the substrate without destroying the junction has been developed as a type of BJ method; 6, 11, 17 however, it is still difficult to analyze the structure of the bonding states. Since the dynamics of the contact point between the molecule and substrate affects the scattering of electrons when electrons are injected, it is necessary to simultaneously elucidate the conduction characteristics and the structures of the bonding states. We previously developed a method called the three-dimensional (3D) dynamic probe method, which enables conductance measurement while the conformation of a single-molecule junction is precisely controlled by scanning tunneling microscopy (STM) techniques. [18] [19] [20] [21] By combining this method with density functional theory (DFT) calculations, it has become possible to simultaneously consider the effects of the dynamics of molecular structures and the bonding states at the electrodes on the local transmission pathways and conductance.
However, the measurements in the previous studies were carried out with a gold STM tip sufficiently retracted from the substrate surface, namely molecules were in a standing form and thus formed junctions with the electrodes only at their two ends. When a molecule is in a lying form, almost parallel and close to the electrodes, the interaction between the molecule and the substrate is considered to be stronger, and conduction pathways are considered to exist between the electrodes via various parts of the molecule instead of a single flow through the molecule. As the molecule is raised, such direct conduction pathways between the electrodes begin to break and the bonding state changes into structures where junctions are formed only at the two ends of the molecule and an influence of the structure peculiar to each molecule appears. Although it is very important to understand the conductance properties appearing in such a dynamic change, as described above, they have not yet been investigated.
To clarify the change in the bonding states while the molecular conformation is varied from a lying to standing conformation and vice versa, we carried out 3D dynamic probe experiments and DFT simulations on 1,4-benzenediamine (BDA) and 1,4-benzenedithiol (BDT) molecules for comparison. BDA and BDT are compounds having one benzene ring. BDA is not connected to Au adatoms on the substrate but its lone pair forms a bond, which is expected to attract the molecule to the substrate and prevent the rotation of the molecule. 19 In contrast, BDT, one of the simplest molecules which has often been used for BJ analysis, 5, 6, [8] [9] [10] 20 forms bonds with the Au adatoms on both electrodes, which allows rotational motion during a conformational change. 20 Understanding of such differences is important for elucidating the details of electrochemical devices as well as molecular devices in which the reaction dynamics of the electrodes and molecules plays an important role, such as in fuel cells, catalytic actions and bioelectrochemical devices.
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Experimental
Sample and tip preparation A clean flat Au(111) surface was prepared by evaporating Au of 100 nm thickness on a mica substrate that had been subjected to Ar sputtering (5 min, 1 μA cm
) and annealing (30 min, 700 K) for 3-5 cycles. Then the Au(111) surface was exposed to BDA or BDT molecules introduced through a variable leak valve (10 s, partial pressure: 1.0 × 10 −6 Pa). The STM tip was formed by cutting a Au wire (0.3 mm diameter). All measurements were carried out under vacuum (<5.0 × 10 −8 Pa) using an Omicron LT STM system. By cooling the STM unit with liquid nitrogen for over one week, the temperature in the STM chamber was maintained at 83 K and the thermal drift was reduced.
Experimental scheme and measurements Fig. 1a and b show the schematics of the molecular structures of BDA and BDT deposited on a Au(111) surface, respectively. 25, 26 In BDA, the N atoms connected to the surface side and the probe (STM tip) side are denoted by N S and N t , respectively. On the other hand, BDT adsorbs with a Au adatom bound to thiol groups at both ends. 20 For convenience, we denote the Au atoms on the substrate side and probe (tip) side as Au ads and Au adt , respectively, and the S atoms bonded to Au ads and Au adt atoms are indicated by the slightly smaller red circles and named S S and S t , respectively. Fig. 1c and d show STM images obtained after the deposition of BDA and BDT molecules on a Au (111) surface, respectively. Similar to that in previous papers, 19, 20 it was confirmed that single BDT and BDA molecules were adsorbed at the elbow sites of the herringbone structure of the Au (111) surface, as shown by yellow arrows. After observing a target BDA or BDT molecule (V S = 0.2 V, I = +0.2 nA), the STM tip was moved above it. When the molecule was picked up, a rapid increase in conductance was observed. Since the molecular junction was unstable above the herringbone structure, we moved the junction away from the structure for measurement. Then the feedback was turned off and the sample bias voltage V S was decreased to 10 mV because the bond was unstable at high bias voltages. Then, the STM tip was moved back and forth in the Z-direction in accordance with a sinusoidal function (z p-p = 0.224 nm, 50 Hz), and was made to slowly approach the target molecule. The formation of a junction was confirmed by a rapid increase in current. After the formation was confirmed, the STM tip was moved back slightly (0.14 nm) to ensure a stable measure- 
Results and discussion
Experimental results (111) atomic structure. Therefore, it is considered that the Au ads and the N S moved reproducibly on the Au(111) surface during measurement, which reflects the change in conductance with the position of the Au ads and the N S on the Au(111) surface, as was observed in our previous studies. 19, 20 From the high reproducibility of the 3D patterns, the bond structure at the STM tip apex is considered to have been stable during the measurement, showing the single-molecule level analysis reliable.
This measurement method allows the adsorption angle of a molecule (φ in Fig. 2c ) to be obtained from the XZ and YZ cross sections of the conductance map, and the location of the junction point can be obtained from the XY cross section. 19, 20 Fig. 2c shows a schematic diagram showing the relationship between the YZ cross section of the conductance map and the adsorption angle of the molecule in the case of BDT. During the conformational change of BDT induced by Z-modulation, the location of Au ads moves. When Au ads is on hollow and ontop sites, the conductance is large and small, respectively. The motion of the molecule induced by Z-modulation is schematically shown in Fig. 2c for the movement of Au ads (i) from a hollow site to an on-top site, (ii) from a bridge site to another bridge site via a hollow site, and (iii) from an on-top site to a hollow site.
The conduction depends on the adsorption position of Au ads as shown in the color bars in the upper part of each figure in Fig. 2c . When the probe moves in the X-or Y-direction, the relationship between the height of the probe and the adsorption position of Au ads changes. For example, if the pulling of the molecule starts from a (ii) bridge site and (iii) an on-top site, the probe height when Au ads reaches the hollow site changes, resulting in a change in the red squares in the color bars. That is, the Z position at which the conductance becomes large follows that of the upper end of a BDT molecule whose lower end is on a hollow site. Namely, the red line drawn over the color bars corresponds to the trajectory of the upper Au adt when an arc of the molecular length is drawn with the lower-end Au ads placed on a hollow site, as shown in . 2c(iv) . Thus, the adsorption angle of the molecule can be derived from the analysis of the arc pattern shown in the YZ and XZ cross sections, as was carried out in previous studies. 19, 20 Fig. 2d and e show the YZ cross sections for the cases of BDA and BDT, respectively. In previous experiments, the results were obtained for a region where the probe-substrate distance was larger than 0.58 nm for BDA and larger than 0.74 nm for BDT. Thus, the initial Z distance is shorter in each case in this experiment than in the previous experiments. In the case of BDA, there was no arc-like change in the conductance map (Fig. 2d) . This is considered to be due to the BDA molecule not being bound to Au ads and Au adt and it being almost parallel and closer to the surface in the lying conformation. This allowed conduction pathways to form between the functional groups other than the amino groups, such as benzene rings, and the substrate surface; thus, no site-dependent change in the conductance was observed.
In contrast, in the case of BDT, a bright region was observed in the Z-range of 0.08-0.26 nm, which is considered to be due to the Au ads and Au adt bound to the end of the BDT, meaning that the number of conductive pathways was limited compared with that in the case of BDA, and a change in the conductance map was observed. However, the Z-region with high conductance is wide, which indicates that Au ads does not move from a hollow site during the Z-modulation of ∼ 0.15 nm (Fig. 2e) . Taking into account the angle of the molecule in the XY plane and assuming that BDT is parallel to the substrate at Z = 0, the angle becomes 20°and 26°at Z = 0.1 and 0.2 nm, respectively (see Fig. S1 † and its caption for details). Fig. 3a and b show two typical conductance curves, namely, the normalized conductance G/G 0 as a function of the probesubstrate distance for retract and approach motion, obtained for a BDA molecule at positions A and B in Fig. 3c(i) . Unlike the results in the previous paper, 19 where the distance between the probe and the substrate was sufficiently large, no hysteresis appeared and the conductance curves obtained for the retract and approach motion were almost the same. According to the previous results, the hysteresis of the conductance in BDA was found to be due to the difference in the timing of the formation of the bond between the lone pair and the on-top site in the retract and approach motion. Therefore, when the probe-substrate distance was short, as in this case, such a change in the timing did not occur while Z was changed in this range. The difference between the conductance curve in Fig. 3a and b is the change observed from (IV) to (V); the conductance became large and then gradually decreased as shown in Fig. 3a , while it continued to gradually increase as shown in Fig. 3b . This difference is considered to be because of the change in the bonding state between the lone pair of N S and the Au ads atom while the BDA molecule being pulled up and down is not large. Namely, instead of the binding site moving between two adjacent on-top sites, it is considered to move from an on-top site to a bridge site, which does not produce hysteresis. Fig. 3c shows the XY conductance maps corresponding to the Z-positions (I) to (V) shown in Fig. 3a . The structure of the Au(111) surface was not observed in Fig. 3c(I) , but it started to appear in (III), where the details are shown in the images in the lower row ((III)-1 to (III)-3). This is considered to be due to the fact that BDA stood from the surface and the functional group forming the transmission pathway with the on-top site became only the amino group on the surface side. The atomic pattern of Au was shifted upward by about 0.1 nm in the Y direction, as indicated by the broken line in Fig. 3c(III) and (IV). Since this is less than the distance between two on-top sites, the shift is considered to be due to the movement of the Au ad from an on-top site to a bridge site, as described above. Fig. 4a and b show the conductance curves of BDT and the XY conductance maps obtained at different probe-substrate distances ((I) to (VIII) in Fig. 4a ), respectively. The location where the conductance became large in Fig. 4b was determined in a previous work to be the hollow site on the Au(111) surface. 20 As shown in Fig. 4a , similar to the case of BDA, the conductance curves in the retract and approach motion did not show any hysteresis and were almost identical, unlike the results in the previous work in which the probe-substrate distance was sufficiently large. 20 Although there is a Au ads in the case of BDT, when the distance between the probe and the substrate is short, it is considered that the BDT molecule and Au ads do not move significantly on the surface. Namely, this change is considered to be due to the fact that Au ads moved between a bridge site and a hollow site via the same pathway for the retract and approach motion instead of between two adjacent hollow sites. As shown in Fig. 4b , the conductance map closely reflects the atomic structure of the Au(111) surface, in contrast to the case of BDA. From (I) to (IV), the contrast gradually changed and, as shown by the broken line in Fig. 4b , the location where the conductance was large was shifted by about 0.13 nm (half of the Au atomic radius), which supports the hypothesis that Au ads moved between a bridge site and a hollow site via the same pathway for the retract and approach motion. From (IV) to (VII), G/G 0 gradually decreased, and although the contrast changed, the location with high conductance did not show any shifts in Fig. 4b . Then G/G 0 rapidly decreased from ∼0.30 to ∼0.15 from (VII) to (VII)′. Since the conductance was rapidly halved, it is considered that the number of transmission pathways was halved.
Simulations
To understand the experimental results in detail, we carried out simulations for BDA and BDT molecules. We used Atomistix ToolKit software (version 12.8.2 Quantum Wise A/S), with DFT within the local density approximation (LDA) using the Perdew-Zunger (PZ) exchange-correlation function 27 to simulate the optimized structures of the junction and the variation in its conductance while the STM tip was retracted. A double-ζ basis set was used for all atomic species and the cutoff energy was set to 100 Ry. The sampling for Brillouin zone integration was performed at 3 × 3 × 400 k-points. The conductance was calculated by the non-equilibrium Green's function (NEGF) method. 28, 29 A bias voltage of 10 mV was applied to the electrodes, and three layers of Au(111) were prepared. Although DFT underestimates the energy gap, which may result in a larger conductance, the relative change in conductance is reliable. 12, 30, 31 A Au atom (adatom) was added to a hollow site on the Au(111) surface on the upper electrode as the STM tip apex. Structural optimization was first carried out only with a molecule, where BDA was in the cis conformation. The molecular surface was made parallel to the substrate and, as shown in Fig. 1a , it was placed so that both ends were on on-top sites. This condition was used for the calculation for comparison with the experimental result shown in Fig. 3a . Next, when the electrode on the probe side was brought closer, coupling occurred at a certain distance. The height of the upper-electrode-side N atom from the Au(111) substrate surface (lower side) was 0.21 nm lower than the initial height in the previous work (0.58 nm). 19 First, optimization was performed in this state once. Then the molecule was pulled up step by step (0.3 nm for each step) and optimization was carried out again between each step, where the local pathway and G were obtained. In the calculation for comparison with the experimental result shown in Fig. 3b , the molecule was moved along the <110> direction as the N S atom was located on a bridge site. Then a similar procedure to that described above was carried out. For the BDT molecule, similar optimizations were carried out but with the Au adatoms Au adt and Au ads at both ends of the molecule, which were placed at hollow sites in accordance with the structure shown in Fig. 1b . After the first structural optimization and the calculation of the conductance, the distance between the two electrodes was changed in steps of 0.02 nm up to 0.34 nm. The upper-electrode-side Au adatom (Au adt ) was fixed during the whole process to reflect the stable junction structure at the STM tip apex because highly reproducible conductance patterns were obtained in measurements. Since more detailed analysis is necessary for the calculations while the STM tip is made to approach the substrate, simulations were carried out for the case of STM tip retraction here.
First we discuss the case of BDA. Fig. 5a shows a conductance curve obtained for BTA, which is in good agreement with the experimental result shown in Fig. 3a. Fig. 5b shows the conformations and local transmission contributions obtained for (i) to (v) in Fig. 5a , which correspond to the change from (I) to (V) in Fig. 3a . Structural optimization was first carried out only with a free molecule, where BDA has a cis conformation. The molecular surface was set parallel to the substrate and it was placed so that both ends were on the on-top sites as shown in Fig. 1a . Then, as the electrode on the probe side was brought closer, coupling occurred at a certain distance. Optimization was first performed in this state. Then the molecule was pulled up step by step (0.03 nm for each step) and optimization was carried out between each step, where the local pathway and G were obtained. Fig. 5b(i) shows the optimized conformation after one step.
In contrast to the previous work, 19 the site of the bond did not change significantly while the distance between two electrodes was short. In (i), several transmission pathways were formed around the functional groups other than the amines of BDA, such as the benzene ring and current flowed from some other sites on the substrate, rather than an electron flow through the benzene ring of BDA. The existence of several local transmission pathways is considered to be the reason for the low contrast of the atomic structures shown in Fig. 3c . In (iii), the contribution of Au/N t /Au to the local transmission decreases and the contribution of the local transmission near the Ns atom becomes large, which is considered to have made the atomic structure in Fig. 3c clearer. In Fig. 5b(i)-(iii) , the position of the Ns atom slightly moves from the on-top site, strengthening the transmission pathway formed by the coordination bond 15 between the lone pair of N S and Au N . However, as the distance between N t and the substrate increases, its transmission decreases, resulting in the observed decrease in G/G 0 from (i) to (iii). In (iii), N S is above Au N and forms a transmission pathway via the coordination bond 19 between the lone pair of N S and Au N . At this time, since C N is not above Au C , its contribution is small, and the conductance between N S and Au N can be observed in the conductance map. In (iv), since C N moves above Au C , forming two transmission pathways of N S -Au N and C N -Au C , the conductance becomes large. In (v), C N is pulled away from the substrate and the contribution of the conduction between C N and Au C to the transmission becomes small. These changes closely reproduce the observed result. From the positions of the N S atom between Fig. 5b(iii) and (iv), the displacement of the N S atom was estimated to be 0.11 nm, which is in agreement with the displacement in the conductance map in Fig. 3c  (0.1 nm) .
To reproduce the conductance curve in Fig. 3b , the initial structure was changed and calculations were carried out. The initial position of the molecular end was moved away from the on-top site. Namely, the bond structure between Au ad and N t , and the position of N S were changed.
Although calculations were carried out for various distances moved, almost the same results were obtained. Fig. 6a and b show the calculated conductance curve and the schematic structures corresponding to (i) to (v) in Fig. 6a , respectively. The conductance curve was in good agreement with the experimental curve shown in Fig. 3b .
The positional relationship between Au ad and N t was fixed similarly to that in a previous work 20 so that the relative position between the upper electrode as the probe and N t did not change while raising the BDA molecule. The calculated contributions of the local transmission [22] [23] [24] between Au ad and N t shown in Fig. 6b gradually decreased from (iii) to (v) (3.1 × 10 −2 , 2.7 × 10 −2 , and 2.4 × 10 −2 , respectively), differing from the observed change shown in Fig. 6a , which is due to the increase in the angle between N t and the BDA molecular plane. In addition, although N S moves from an on-top site to a bridge site from (i) to (v) in Fig. 5b , N S is at a bridge site with low conductivity for (i) to (iii) and moves to an on-top site with high conductivity in Fig. 6b . Actually, the calculated contribution of the local transmission between N S and Au N increased from (i) to (iii) (7.9 × 10 −3 , 8.4 × 10 −3 , and 1.2 × 10 −2 , respectively), resulting in an increase in the total conductance, which is in good agreement with the observed change from (iii) to (v) shown in Fig. 6a . Although it was difficult to directly evaluate the adsorption energy because of the existence of the STM tip which pulled up the molecule, the interaction between the BDA lone pair and Au atom was dominant even in the lying form in (i) and (ii). The binding between C N and Au C was weaker than that via the lone pair. As the conformation changed into the standing form as (iii) to (v), the binding became to be a single interaction. The structure maintained for a further pulling position as shown in a previous paper, 19 which is in good agreement with the idea that relatively sharp conductance histogram peaks were observed for the amine-Au system due to the relatively weak gold-amine interaction, namely, amines can only significantly bind to gold adatoms in a standing form. 12 As has been shown, the dynamics of the bond state in the BDA single-molecule junction for a small probe-substrate distance was well explained by the results obtained by combining the 3D dynamic probe method and DFT calculations. A similar simulation was then carried out for the BDT molecule. Fig. 7a shows the conductance curve obtained by the simulation. The change in conductance from (i) to (iv) is in good agreement with the observed change shown in Fig. 4a . However, the calculated conductance rapidly decreases between (iv) and (vi) and gradually decreases from (vi) to (viii), while in the experiments, it rapidly decreased after a gradual decay. Fig. 7b shows the conformations used for the calculations and the obtained contributions to the local transmission. Similar simulation procedures to those discussed earlier were carried out (see Experimental for the initial conditions). From (i) to (iv), because the contributions to the local transmission via the Au adt -S t -substrate (upper side) and Au ads -S S -substrate (lower side) are larger than that via the phenyl group (benzene ring) of the BDT transmission pathway, there is not a single transmission pathway passing through the BDT molecule, and these are two dominant pathways at both ends of the molecule shown by the pink arrows.
In the change from (iv) to (vi), the local transmission contributions of these two pathways become smaller and one of them disappears. The calculated values of G/G 0 for (iv) and (v)′ were 1.11 and 0.53, respectively, in good agreement with the decrease to the values shown in Fig. 4a (VII) and (VII)′. This rapid change in conductance is due to the rotation of the benzene ring of BDT as shown in Fig. 7 . Then the local transmission contribution via the phenyl group (benzene ring) becomes dominant, as shown by the light green arrow in (viii), which decreases with the increase in Z, producing the gradual decrease in the conductance shown in Fig. 7a .
In the experiment, a gradual decrease in conductance was observed from (IV) to (VII) before the rapid change from (VII) to (VIII) as shown in Fig. 4a . This is considered to be because the rotation of BDT begins after the two Au/S/Au pathways become one in the simulation, while the rotation occurred first in the experiment. This difference is considered to be due to the actual tip surface not being flat similarly to the substrate used for the calculation, but having a pyramidal structure, which reduces the effect of steric hindrance in the calculation.
To see the conformational change in the molecule in more detail, Fig. 8 shows the conformations shown in Fig. 7b as seen from the Z-direction. Au ads moves from a hollow site to a bridge site. The distance moved is 0.15 nm, as shown by the broken line, which is in good agreement with the value of 0.13 nm experimentally obtained for the change from (I) to (IV) as shown in Fig. 4b . Au ads does not move from (vi) to (viii) while the molecule is pulled up, as shown by the broken line, which is considered to be due to the rotation of the molecule during the change in Z.
Conclusions
By performing analysis on 1,4-benzenediamine (BDA) and 1,4-benzenedithiol (BDT) single molecule junctions by the 3D dynamic probe method and DFT calculations, we have observed, for the first time, the effect of a change in the molecular conformations and bonding states on the local transmission pathways for a short Au electrode distance. The obtained results are expected to play an important role in advancing the development of nanoscale devices making full use of the characteristics of single molecules.
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